Introduction: CMAP (compound muscle action potential) scans are detailed stimulus-response curves which provide information about motor unit properties in neuromuscular disorders. This study assessed a method of automatic motor unit number estimation (MUNE) from 5-minute CMAP scans.
INTRODUCTION
If the stimulus to a motor nerve is increased gradually from subthreshold to supramaximal levels, the peak amplitudes of the compound muscle action potential (CMAP) form a detailed stimulusresponse (SR) curve due to the progressive recruitment of more and more motor unit potentials.
Such an SR curve has been called a 'muscle scan' 1 or 'CMAP scan' 2, 3 . It has been used to provide a visual indication of the numbers and sizes of motor units in peripheral neuropathies or motor neuronopathies such as amyotrophic lateral sclerosis (ALS). For many purposes it would be desirable to obtain more specific quantitative information about the motor unit distribution, and in particular a motor unit number estimate (MUNE), for which numerous methods have been proposed since the original incremental method of McComas and colleagues 4 . Of all the MUNE methods described in a recent review 5 , only 1 attempts to derive the detailed distribution of motor unit potentials underlying the CMAP scan. That is the Bayesian statistical method, a highly sophisticated mathematical approach which takes fully into account the probabilistic nature of motor unit firing, but requires several hours of intensive computation to come up with the most probable set of units that could have generated a scan 6, 7 . The aim of this study was to test an alternative, more rough-and-ready method, designed similarly to derive the population of units underlying a scan, but in minutes rather than hours. The essence of the new method is that a recorded scan is compared to a modelled scan by converting the scans to contour maps and then using the degree of overlap of the contours to assess the accuracy of the model. Since it is only in cases of severe denervation that the true number of functional motor units in a muscle is known, the method has been tested on simulated CMAP scans, similar to those used to illustrate the muscle scan method 
METHODS
There were 5 distinct methods used in this study. These were: (1) the method used to record a CMAP scan from a patient or normal subject; (2) the mathematical model used to simulate the CMAP scans; (3) the method of scoring how close a simulated scan is to the recorded one; (4) the method used to fit a model to a recorded scan; and (5) amplitudes are measured as baseline-to-peak (see Fig 1C) . To mitigate the effects of baseline noise, the baseline is set at the average of 10 sequential points in the trace during the period between the end of the stimulus artifact and start of the CMAP. An exponential rather than linear 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Figure 1A ), so that they require about 350 to 450 0.2% steps to cover the range. With the pre-scan and post-scan sweeps this takes about 3.5 to 5 minutes when stimulating at 0.6s intervals. The number of stimuli in these exponential scans is variable, but it is similar to the 500 at 2 Hz previously recommended for linear CMAP scans 3 . Baseline noise and stimulus artifact affect the quality of CMAP scans, thus careful skin preparation and low impedance electrodes are essential for good quality recordings.
(2) Mathematical model used to simulate CMAP scans
The model consists of N units, each described by 3 parameters: threshold (t), amplitude (m), and relative spread of threshold (ρ), which follows a Gaussian function as previously found for real motor unit potentials 8 . Relative spread is the coefficient of variation of the threshold, expressed as a percentage, i.e. 100 × (SD of t) / t. The N units are assumed to provide a fixed contribution (m) to CMAP amplitude, but 2 additional variables allow for baseline noise and variability in the peak CMAP, so that a model of N motor units is described by a total of 3N+2 parameters.
(3) Scoring of discrepancy between model and recorded scan
MScanFit allows for uncertainty in the thresholds and responses of a single scan by smoothing each point on the scan in x and y directions. This smoothed scan, which represents the probability of a particular stimulus evoking a particular response for all possible stimuli and responses, can be plotted as a contour map. A simulated scan can be generated by applying a matching set of stimuli to the model, and this can also be smoothed to generate a contour map. , but in other studies the limit has been set at 40 µV 10 or even as high as 100 µV 6 . The latter figure was used for Bayesian statistical MUNE, although it sets a rather low limit to the number of units that can be estimated for a normal, 10 mV CMAP. If the size limit is set too small, inappropriate extra units may be added by the fitting procedure to reduce the discrepancy, whereas if it is set too large, then genuine motor unit potentials may be missed. In this study the greatest accuracy over the range of simulated scans was obtained by varying the The ρ values were always initialized at 2.0%, although the target scans were generated with ρ = 1.65% (see below), because this was found to result in more accurate MUNE values..
(4b) Generation of preliminary models
Each unit within the CMAP makes a contribution to the variance of the CMAP and the slope of the stimulus-response curve within the region of stimulus strength that it fires probabilistically.
From the ratio between these 2 quantities and the threshold variability, it is possible to estimate the number of units recruited over a range of stimulus strengths (see Appendix, available online).
This principle is used to generate preliminary models. It turns out that these models depend critically on the number of data points over which the variance and slope are calculated.
MScanFit therefore calculates variance and slope over different numbers of points, generates a preliminary model from each, and then selects the one which generates the lowest error according to method (3) above. In addition to its function of providing a preliminary model from the estimated number of units, this part of the program can also be used to generate a model with any specified number of units that produces a scan with a similar distribution of slopes and variances.
(4c) Refining the model
To improve the model, MScanFit first calculates a separate error contribution for each stimulus strength applied. The unit in the model with threshold closest to the stimulus at which the greatest error occurs is then selected first, and its properties changed until a change is found that reduces the error score by more than 1%. This change is then made permanent, the errors for each stimulus strength are recalculated, and the process is repeated. When no change in the first score of all the models tested is presumed to provide the best MUNE.
The CMAP scan fitting procedure is illustrated in Figures 2 and 3 . The scan to be fitted (which in this case is a simulated scan derived from 20 units) is shown in Figure 2Aa . From the slope and variance of the scan, a preliminary model with 18 units is derived, from which the scan in Figure 2Ba is generated. The scans in 2Aa and 2Ba are compared by smoothing the points in the x and y directions to generate the contour maps in 2Ab and 2Bb. From the difference between these 2 contour maps, illustrated in Figure 3Ab , an error score of 11.0 is calculated. The refinement process is then started, which progressively reduces the difference between the 
Subjects
Ten healthy normal control subjects were used to obtain CMAP scans from which the simulated scans were derived. The subjects comprised 6 men and 4 women, mean age 31. and conformed to the Declaration of Helsinki. The subjects gave their written informed consent.
RESULTS
The results of the testing study are summarized in Table 1 . The first row shows that the MScanFit program takes less than a minute, on average, to fit scans generated by 5 units, and only 1.5 minutes, on average, to fit all 60 scans. All the scans were fitted within 3 minutes, when
MScanFit was run on a personal computer (Intel i5, 2.5 GHz, Windows 7). The second row
shows that the MUNE value was estimated quite accurately when the true number was small (<30), but slightly underestimated when the number was large (>30). This is shown more clearly Figure 5B .
Comparing Figures 5A and 5B, it is evident that the refinement is effective in reducing the MUNE error when the number of units is small, but rather ineffective when the number is large.
Probably the best measure of the overall accuracy of the estimates is the mean absolute percentage error (scoring all errors as positive), and these values are shown in the fourth row of Table 1 . The last column shows that for the 60 scans the mean absolute percentage MUNE error was less than 7%.
MScanFit provides more information about the motor unit population than just the number of units, and estimates of largest single unit amplitude (LSUE) provide a measure of successful collateral reinnervation. Table 1 shows that this quantity is remarkably accurate for scans with small numbers of motor unit potentials, with the largest of 5 units, averaging more than 1 mV, estimated with an average absolute error of less than 5 µV. When there was extensive overlap, however, the largest motor unit potentials tended to get 'lost in the noise', and the estimates were much less accurate. Nevertheless, the mean absolute LSUE error for the 60 scans was only 40 µV, which was equal to the amplitude resolution of the contour maps.
Interestingly, although the mean single unit amplitudes (MSU) increased proportionately more than LSU as the number of units decreased with collateral reinnervation (from 62.5 to 523 µV), the estimates of this quantity (MSUE) were even more accurate than LSUE, with an average absolute error for the 60 scans of only 11 µV.
DISCUSSION
This paper describes a new method of analyzing CMAP scans and shows that for simulated scans with a wide range of unit numbers, MUNE values were derived within an average of 1.5 minutes with a mean absolute error of less than 7%. Additionally, mean single neuronopathies, but it is important to be aware that the accuracy determined in this study by testing against simulated CMAP scans is most unlikely to be achieved in recordings from real nerves and muscles. Rather, it indicates the maximum accuracy that could be achieved if the real scans behaved like the idealized simulated scans.
Probably the most serious simplification in the modelling is that the contribution to peak CMAP amplitude of each motor unit is assumed to be constant, whereas it can change for a variety of reasons, including progressive changes in latency with stimulus amplitude, activitydependent changes in muscle fiber action potentials, and in the case of ALS and other conditions with unstable collateral reinnervation, because of fluctuations in the number of muscle fibers contributing to the motor unit potential. This additional source of CMAP variability has been held responsible for artifactual increases in statistical MUNE in ALS
10
. In MScanFit, spontaneous fluctuations in motor unit potential size are taken into account, to some extent, by providing for a progressive change in noise level between the pre-scan and post-scan periods, but no attempt has been made to simulate the effects of unstable motor units on the analysis.
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